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ABSTRACT
We utilize the Multi Unit Spectroscopic Explorer (MUSE) on the Very Large Telescope (VLT)
to search for extended Lyα emission around the z∼6.6 QSO J0305−3150. After carefully
subtracting the point–spread–function, we reach a nominal 5–σ surface brightness limit of
SB5σ=1.9×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2 aperture, collapsing 5 wavelength slices cen-
tered at the expected location of the redshifted Lyα emission (i.e. at 9256 A˚). Current data
suggest the presence (5–σ, accounting for systematics) of a Lyα nebula that extends for 9 kpc
around the QSO. This emission is displaced and redshifted by 155 km s−1 with respect to the lo-
cation of the QSO host galaxy traced by the [C ii] 158µm emission line. The total luminosity is
L(Lyα)=(3.0±0.4)×1042 erg s−1. Our analysis suggests that this emission is unlikely to rise from op-
tically thick clouds illuminated by the ionizing radiation of the QSO. It is more plausible that the
Lyα emission is due to fluorescence of the highly ionized optically thin gas. This scenario implies
a high hydrogen volume density of nH∼6 cm−3. In addition, we detect a Lyα emitter (LAE) in the
immediate vicinity of the QSO: i.e., with a projected separation of ∼12.5 kpc and a line–of–sight ve-
locity difference of 560 km s−1. The luminosity of the LAE is L(Lyα)=(2.1±0.2)×1042 erg s−1 and its
inferred star–formation–rate is SFR∼1.3 M yr−1. The probability of finding such a close LAE is one
order of magnitude above the expectations based on the QSO–galaxy cross–correlation function. This
discovery is in agreement with a scenario where dissipative interactions favour the rapid build–up of
super–massive black holes at early Cosmic times.
Keywords: cosmology: observations – galaxies: high-redshift – quasars: general – quasars: individual
J0305−3150
1. INTRODUCTION
The study of QSOs at z>5.6 plays a central role in our
understanding of how supermassive black holes (SMBH)
and galaxies form in the early Universe. Currently, there
are more than 170 known QSOs at z>5.6 (e.g. Fan et
al. 2006; Jiang et al. 2009, 2016; Willott et al. 2010;
Ban˜ados et al. 2014, 2015a, 2016; Reed et al. 2015; Car-
nall et al. 2015; Venemans et al. 2015a; Matsuoka et al.
2016), only 12 of which are located at z>6.5 (Mortlock
et al. 2011; Venemans et al. 2013, 2015b; Matsuoka et al.
2016, 2017; Mazzucchelli et al. 2017). The host galax-
ies of these very first QSOs are actively forming stars,
with prodigious star–formation rates SFR>100 M yr−1
(Venemans et al. 2012, 2016), and were able to grow
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SMBHs with masses exceeding MBH=10
9 M in less than
800 Myr (De Rosa et al. 2014; Venemans et al. 2015b).
The assembly of such massive SMBHs at early cosmic
time requires that they accrete at the Eddington limit
(or even super–Eddington) throughout a large fraction of
their lifetime (e.g. Yoo & Miralda-Escude´ 2004; Volonteri
& Rees 2005; Volonteri 2010, 2012; Madau et al. 2014;
Volonteri et al. 2015). To sustain such a vigorous ac-
cretion and intense star formation, the first QSOs need
the presence of conspicuous amounts of gas in their sur-
roundings (e.g. Dubois et al. 2012; Di Matteo et al. 2012).
Possibly, this gas is aggregated in dense flows able to
penetrate into the virial radius of the halo and to funnel
gas onto the central SMBH (e.g., Di Matteo et al. 2012;
Feng et al. 2014). If the gas in the host galaxy and in the
circum–galactic medium of a QSO is illuminated by the
SMBH ionizing radiation and/or from the intense star-
burst, then it may be observable as an extended “fuzz”
of fluorescent Lyα emission (Rees 1988; Haiman & Rees
2001; Alam & Miralda-Escude´ 2002).
At intermediate redshift (z∼2–4), several of these Lyα
nebulae have been reported in the literature, leading to
the general consensus that QSOs are frequently (50%–
70%) embedded in nebulae with sizes of 10–100 kpc (e.g.
Heckman et al. 1991a,b; Christensen et al. 2006; Hen-
nawi & Prochaska 2013; Roche et al. 2014; Herenz et al.
2015; Arrigoni Battaia et al. 2016). In the last years,
gigantic nebulae, with projected sizes &300 kpc, have
also been detected (Cantalupo et al. 2014; Martin et al.
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2014; Hennawi et al. 2015; Borisova et al. 2016) suggest-
ing the presence of large amounts of cold gas around
intermediate redshift QSOs. Complementary, the anal-
ysis of absorption features in close projected QSO pairs
confirms that QSO host galaxies are surrounded (with a
covering fraction ∼60% within the virial radius) by cold
(T∼104 K), metal enriched (Z&0.1Z) gas (Hennawi et
al. 2006a; Hennawi & Prochaska 2007, 2013; Bowen et
al. 2006; Decarli et al. 2009; Prochaska & Hennawi 2009;
Prochaska et al. 2013a,b, 2014; Farina et al. 2013a, 2014;
Johnson et al. 2015; Lau et al. 2016, 2017).
Despite the aforementioned achievements, the de-
tection of these structures at z∼6 is challenging due
to the rapid decrease of the surface brightness (SB)
with redshift [SB∝(1 + z)−4]. In recent years, large
efforts have been made to probe the extended Lyα
emission around z∼6 QSOs with contrasting results.
Decarli et al. (2012), using the Wide Field Camera 3
(WFC3) narrowband filters on the Hubble Space Tele-
scope (HST), put strong limits on the Lyα extended
emission in the proximity of the highly star forming
host galaxies of the QSOs SDSS J1148+5251 [z=6.42,
L(Lyα)<2.5×1044 erg s−1] and SDSS J1030+0524
[z=6.31, L(Lyα)<3.2×1044 erg s−1]. Conversely, the
presence of a Lyα nebula has been reported in nar-
rowband Suprime-Cam/Subaru images of the QSO
CFHQS J2329−0301 at z=6.42 (Goto et al. 2009) and
subsequently confirmed with long–slit spectroscopy
with the Echelle Spectrograph and Imager (ESI) and
with the DEep Imaging Multi–Object Spectrograph
(DEIMOS) spectrographs at the Keck–II telescope
(Willott et al. 2011; Goto et al. 2012). Whereas all
these observations consistently report the presence
of a bright Lyα halo extending on scales of 15 kpc
in proximity of CFHQS J2329−0301, its luminosity
is not well constrained, with values that range from
L(Lyα)&1.7–7.5×1043 erg s−1 (Willott et al. 2011; Goto
et al. 2012) up to L(Lyα)=3.6×1044 erg s−1 (Goto et al.
2009, see footnote 10 in Decarli et al. 2012). Recently,
Roche et al. (2014) presented long–slit spectroscopic
observations with the Optical System for Imaging
and low Resolution Integrated Spectroscopy (OSIRIS)
mounted on the Gran Telescopio Canarias (GTC) of
a sample of QSOs at z>2, including one at z=5.95,
the radio–loud QSO SDSS J2228+0110. While bright,
extended Lyα emission appears ubiquitous in the
Roche et al. sample at z=2–3, only a tenuous detection
is reported for SDSS J2228+0110, with a luminosity
of L(Lyα)&7.8×1042 erg s−1 extended up to a scale
of ∼>10 kpc. These values should be conservatively
considered as lower limits. Indeed, they were computed
by extracting the spectrum of the nebula over a small
stripe close to the QSO emission. Additionally, a proper
subtraction of the point–spread–function (PSF) was hin-
dered by strong sky lines and by the low signal–to–noise
ratio (SNR) of the spectrum.
The Integral–field Spectrograph (IFS) Multi Unit
Spectroscopic Explorer (MUSE, Bacon et al. 2010) on
the Very Large Telescope (VLT) is the obvious game
changer in this kind of studies. It produces a spatially re-
solved spectrum with a spatial sampling of 0.′′2×0.′′2 and
a nominal spectral resolution (R=λ/∆λ) ranging from
R=1750 at 465 nm to R=3750 at 930 nm, allowing to
overcome technical limitations of previous spectroscopic
and narrowband investigations, such as uncertainties in
the systemic redshift of the QSOs, filter and slit losses,
and difficulties in performing a proper PSF subtraction.
In this paper, we present a deep MUSE integration
aimed to detect the Lyα nebular emission around the
high redshift QSO J0305−3150 (z=6.61, with an abso-
lute magnitude at 1450 A˚ of M1450=−25.96±0.06) dis-
covered by Venemans et al. (2013) using the VISTA
Kilo–Degree Infrared Galaxy (VIKING) survey. Sen-
sitive near–infrared spectroscopy observations obtained
with the Folded–port InfraRed Echellette spectrograph
(FIRE) mounted on the Magellan Telescope revealed the
presence of a SMBH with MBH=(0.95–1.20)×109 M ac-
creting with an Eddington ratio λEdd=LBol/LEdd=0.68–
0.74 (De Rosa et al. 2014). The [C ii] 158µm emission
line [L[C ii]=(3.9±0.2)×109 L, FWHM=255±12 km s−1]
and the underlying far–infrared continuum were detected
by Venemans et al. (2016) using the Atacama Large Mil-
limeter/submillimeter Array (ALMA). From these mea-
surements the precise systemic redshift and the SFR of
the QSO host galaxy can be inferred. While QSO red-
shifts derived from broad emission lines are subject to
systematic shifts and large uncertainties (e.g., Richards
et al. 2002; Bonning et al. 2007; Hewett & Wild 2010),
especially at z>6 (Venemans et al. 2016; Mazzucchelli et
al. 2017), the narrow [C ii] line accurately traces the sys-
temic redshift (zsys=6.6145±0.0001). In addition, by fit-
ting the FIR continuum spectrum with a modified black
body with a spectral index β=1.6 (after correcting for
the impact of the Cosmic Microwave Background, da
Cunha et al. 2013), Venemans et al. (2016) obtained a
dust temperature of 30 K and a total far–infrared lumi-
nosity of LTIR=2.6×1012 L. The investigation of the
Spectral Energy Distribution (SED) of high–z QSOs sug-
gests that the dust emission is predominantly powered by
star formation especially at λ∼>100µm rest–frame(e.g.,
Leipski et al. 2014; Barnett et al. 2015; see also Valiante
et al. 2011). This implies9 SFRTIR=545 M yr−1. Aside
from PSO J036+03 (Venemans et al. 2015b; Ban˜ados et
al. 2015b), J0305−3150 shows the highest SFR and Ed-
dington ratio among the z>6.5 QSOs known to date. It
is thus an excellent target to constrain the properties of
the gas reservoir that is expected to surround the first
QSOs, together with its close environment.
Throughout this paper we assume a concordance
cosmology with H0=70 km s
−1 Mpc−1, ΩM=0.3, and
ΩΛ=1-ΩM=0.7. In this cosmology, at z=6.6145 the Uni-
verse is 0.808 Gyr old, and an angular scale θ=1′′ corre-
sponds a proper transverse separation of 5.4 kpc.
2. OBSERVATIONS AND DATA REDUCTION
J0305−3150 was observed with MUSE on 15th Decem-
ber 2014 and 15th January 201510. The total time on
source of 2.4 h was divided in three observing blocks
9 Assuming a fixed dust temperature of Td=47 K (a value com-
monly observed in high redshift QSO studies; e.g., Beelen et al.
2006), the estimated FIR luminosity of J0305−3150 would be a
factor ∼2 higher [LFIR=(4.0–7.5)×1012 L] and the SFR would
be in the range 940–1580 M yr−1. However, current data suggests
a lower dust temperature for J0305−3150 (Venemans et al. 2016).
In the remainder of the paper, we will thus consider 545 M yr−1
as bona fide SFR for the QSO’s host galaxy.
10 Programme ID: 094.B-0893(A), PI: B. P. Venemans
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Figure 1. Left Panel — False color RGB image of the field of J0305−3150 generated from the MUSE datacube (the wavelength regions
used to create the figure are: Red=9262 A˚ – 9292 A˚, Green=9231 A˚ – 9261 A˚, and Blue=9200 A˚ – 9230 A˚). The QSO and the star used for the
PSF subtraction are labeled (see Section 3.1). The white cross marks the position of the possible Lyα emitter identified at ∼2′′ from the
QSO (see Section 4). Right Panel — Zoom–in of the spectrum of J0305−3150 extracted over an aperture with 0.′′74 radius from the MUSE
datacube (dark brown solid line), 1–σ flux uncertainties are shown in light brown. The purple dotted line shows a Gaussian emission line
at the expected Lyα location with a FWHM of 255 km s−1, as the [CII] line (Venemans et al. 2016, flux normalization is arbitrary), though
scattering effects could affect this shape. The solid blue bar highlights the wavelength range used to construct the empirical PSFQSO model
(from 9266 A˚ to 9301 A˚) and the solid green one marks the region used to built PSFSTAR (from 9240 A˚ to 9273 A˚, see Section 3.1).
(OB) of 48 m each, pointing to three different loca-
tions within 4′′ from the QSO. For each OB, three 960 s
exposures were taken, dithering using random offsets
within a 7.′′5 box. The Differential Image Motion Mon-
itor (DIMM) seeing during the observations was mostly
sub–arcsecond, ranging from 0.′′7 to 1.′′1 (with a median
of 0.′′8).
We employed the MUSE Data Reduction Software
(version 1.0.1, Weilbacher et al. 2012, 2014) to perform,
on each of the individual exposures, bias subtraction,
flat–field, twilight, and illumination corrections, as well
as wavelength and flux calibrations (the latter using the
standard stars HD49798 and GD71 observed at the be-
ginning of each observing night). Flat–field correction
and sky subtraction of each exposure was improved us-
ing the CubExtractor package (S. Cantalupo et al.
in prep.). Exposures of each OB were sampled to a
common grid (0.′′2×0.′′2×1.25 A˚) and then average com-
bined. The absolute flux calibration for the resulting dat-
acubes was obtained rescaling the flux of bright sources
present in the MUSE FoV to our i–band images collected
with the ESO Faint Object Spectrograph and Camera 2
(EFOSC2) on the New Technology Telescope (NTT, see
Venemans et al. 2013 for details). Uncertainties on the
absolute flux calibration resulting from this procedure
are on the order of 5%. As a final step, the three dat-
acubes were average combined. The astrometry solution
was refined matching sources in the datacube with the
first data release of the VIKING catalogue (Edge et al.
2013).
The MUSE pipeline provides also a datacube contain-
ing errors formally propagated throughout the reduction
process. As observed by Bacon et al. (2015), however,
this process does not take into account correlations be-
tween neighboring voxels, ending up in underestimat-
ing the real noise properties of the datacube. To have
more realistic uncertainties, for each wavelength slice,
the average of the variance delivered by the pipeline was
rescaled to match the variance of the background (i.e.,
after removing the contribution from bright sources; see
Borisova et al. 2016 for a similar approach).
In the final datacube, at 9256 A˚ (i.e., at the wavelength
slice where the Lyα emission of the QSO is redshifted
to), the FWHM of the PSF is 0.′′58, corresponding to
3.1 kpc at the QSO’s redshift. The 5–σ surface bright-
ness limit estimated after collapsing 5 wavelength slices
centered at 9256 A˚ (i.e., from 9253.5 AA to 9258.5A˚) is
SB15σ,λ=1.9×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2
aperture (see Section 3.2). The MUSE false color RGB
image and the spectrum of J0305−3150 extracted over a
radius of 3.7 spaxel (0.′′74) are showed in Figure 1. Flux
errors on the spectrum (σA,λ) are calculated from the
final datacube as:
σA,λ =
√∑
i∈A
σ2λ,i (1)
where A is the area over which the spectrum is extracted
in each wavelength slice (λ) and σ2λ,i is the variance in
the corresponding spaxels.
3. RECOVERING EXTENDED EMISSION
In the following sections we describe the procedure
adopted to investigate the presence of an extended Lyα
emission (Section 3.1) and to estimate the sensitivity
reached in the reduced datacube (Section 3.2). Finally,
4 Farina et al.
in Section 3.3, we present the results of this analysis.
3.1. PSF subtraction
An accurate PSF subtraction is necessary to recover
the faint signal of the diffuse Lyα halo emerging from
the PSF wings of the bright unresolved nuclear compo-
nent. To perform this task we created two empirical PSF
models: PSFQSO — constructed directly from the QSO
emission by collapsing regions of the spectrum virtually
free from any extended emission11 (i.e., away from the
Lyα emission, see Figure 1); and PSFSTAR — obtained
from the bright star located ∼25′′ North–West from the
QSO by summing up its emission over the wavelength
range where the extended Lyα emission is expected to
fall (see Figure 1). These two PSF models are subject to
different systematics, allowing us to check for the reliabil-
ity of a possible detection of extended emission. The first
model allows us to directly subtract the PSF contribu-
tion from the QSO without any spatial shift. However,
PSFQSO has a relatively low SNR due to the faintness
of the source and the small range in wavelength used
(starting 325 km s−1 away from the QSO systemic red-
shift, i.e. at 9266 A˚, up to the wavelength where the
presence of strong sky emission lines drastically increase
the variance, i.e. 9301 A˚, see Figure 1). In addition, it
may be contaminated by the wings of the possible ex-
tended emission if particularly broad and/or redshifted.
PSFSTAR instead benefits of a higher SNR and it mini-
mizes PSF changes with wavelength. On the other hand,
it is subject to resampling to centroid the PSF model on
the QSO and to the the spatial variation of the PSF.
To subtract the unresolved QSO emission and to re-
cover the Lyα nebula we adapted the technique used by
Hennawi & Prochaska (2013) and Arrigoni Battaia et
al. (2015a) to the 3 dimensional structure of the MUSE
data. First, at each wavelength slice, the PSF model is
rescaled to the QSO’s flux estimated in a circle with ra-
dius 2 spaxel (0.′′4). The underlying assumption is that
the QSO is dominating the emission in this central re-
gion. A bright, centralized nebular component may, how-
ever, lead to an overestimate of the QSO’s emission and
thus to an underestimate of the total flux of the possible
extended emission. Then, we defined the χλ,i datacube:
χλ,i =
DATAλ,i −MODELλ,i
σλ,i
(2)
where the indices λ and i indicate the wavelength slice
and the 2D spaxel position, respectively; DATAλ,i is the
datacube; MODELλ,i is the rescaled PSF model; and σλ,i
is the square root of the variance datacube. If our model
accurately describes the PSF (and in absence of system-
atics), at each wavelength slice the distribution of χλ,i
values should follows a Gaussian centered in zero with
unit variance. Under this condition, this datacube thus
permits to assess the statistical significance of any pu-
tative detection. Note that both PSFQSO and PSFSTAR
have, by construction, a much higher SNR than the QSO
11 In principle, the UV continuum light from the QSO host
galaxy may contribute to the wings of PSFQSO. However, in z>5.5
QSOs, this emission is expected to be feeble (e.g., Mechtley et al.
2012). Given the relatively small wavelength range used to built
the PSF model we consider this contribution negligible.
in a single wavelength slice, therefore the contribution of
the PSF model to the variance budget is negligible. We
also constructed a smoothed datacube SMOOTH
[
χλ,i
]
,
that is helpful for identifying the possible presence of ex-
tended emission:
SMOOTH
[
χλ,i
]
=
CONVOL [DATAλ,i −MODELλ,i]√
CONVOL2
[
σ2λ,i
]
(3)
where CONVOL indicates a convolution in the spa-
tial axis with a 2D Gaussian kernel with σ=1 spaxel,
while CONVOL2
[
σ2λ,i
]
is the convolution of variance
datacube (σ2λ,i) with the square of the same kernel. In
absence of systematics, spaxel values in this smoothed
images should still follow a Gaussian distribution, but
with smaller variance due to the increased correla-
tion among pixels. The extended Lyα nebulae around
radio quiet QSO typically show quiescent kinematics
with FWHM.600 km s−1 (Arrigoni Battaia et al. 2015b;
Borisova et al. 2016). We therefore repeat the same pro-
cedure binning over 3, 5, 10, and 15 wavelength slices in
order to maximize the SNR of emission with FWHM of
∼120, 200, 400, and 600 km s−1. The resulting χλ,i and
SMOOTH
[
χλ,i
]
datacubes were then visually inspected
to search for the presence of any extended emission.
3.2. Detection Limits
The detection limit for a Lyα nebular emission in the
MUSE datacube depends on its FWHM and physical
size: lower surface brightness levels can be reached aver-
aging in space and/or in velocity. Under the (erroneous)
assumption that spaxels are independent, the theoret-
ical detection limits for an extended source in a sin-
gle wavelength slice is given by SBA1σ,λ=SB1σ,λ/
√
#A,
where SB1σ,λ is the 1–σ surface brightness detection
limit per 0.′′2×0.′′2 spaxel at the wavelength slice λ, and
#A is the number of spaxels in the isophotal area of
the source A. The corresponding limit on the total
flux (and thus on the luminosity) can be written as:
FA1σ,λ=SB1σ,λ
√
#A PS
2, where PS is the pixel scale of
MUSE: PS=0.′′2 spaxel−1. Binning the MUSE datacube
over 3, 5, 10, and 15 wavelength slices centered at 9256 A˚
(i.e. at the expected position of the Lyα emission), the
formal 5–σ surface brightness detection limits calculated
over an aperture of 1 arcsec2 are: SB15σ,λ=[1.3, 1.9, 3.4,
5.0]×10−18 erg s−1 cm−2 arcsec−2, respectively.
The noise properties of the MUSE datacube are, how-
ever, not uniform. In addition, cross–talk between
voxels and systematics introduced during data reduc-
tion and PSF subtraction will alter these theoretical
detection limits. We tested the reliability of the cal-
culated surface brightness limits introducing a set of
synthetic sources in the PSF–subtracted datacubes and
visually estimated the level of a convincing detection.
For this purpose we focused on the wavelength region
where a Lyα line redshifted to zsys would fall (i.e. at
9256 A˚) and we binned the datacube over the same wave-
length slices used for the sources detection (see Sec-
tion 3.1). We randomly placed mock circular sources
(including Poisson noise) with a top–hat surface bright-
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Figure 2. Illustration of how synthetic sources, created using the
procedure described in Section 3.2, would appear in a pseudo nar-
rowband image obtained by binning the
[
DATAλ,i −MODELλ,i
]
datacube over three wavelength slices (i.e. ∼120 km s−1) around
the expected position of the Lyα emission. The nominal 5–σ
surface brightness limit reached in this pseudo narrowband im-
age is SB15σ,λ=1.3×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2
aperture. At the center of each box is plotted a source
with fix FWHMmock=120 km s
−1, total luminosity ranging from
Lmock=10
41.5 erg s−1 to 1044.3 erg s−1 (increasing from the left to
the right of the x–axis), and diameter going from dmock=3 kpc (i.e.,
unresolved) to 100 kpc (increasing from top to bottom of the y–
axis). Note that, assuming a Gaussian shape for the line emission,
only roughly half of the total flux falls in the pseudo narrowband
image shown here. Each box has a size of 22′′×22′′.
ness in different location of each pseudo narrowband
images. These mock sources have total integrated lu-
minosities Lmock=10
[41.5, 42.2, 42.9, 43.6, 44.3] erg s−1, diam-
eters dmock=[3, 5, 25, 50, 100] kpc, and, in the wavelength
space, a Gaussian distribution with FWHMmock=[80,
120, 200, 400, 600] km s−1 (where 80 km s−1 is, roughly,
the nominal resolution limit and the other values match
the binning considered in the PSF subtraction process,
see Section 3.1). A diameter of dmock=3 kpc corresponds
to the seeing measured in the datacube and is hence un-
resolved.
As an illustrative example we show in Figure 2 how
synthetic sources with FWHMmock=120 km s
−1 and dif-
ferent dmock and Lmock would appear in a pseudo nar-
rowband image obtained collapsing three wavelength
slices around the expected position of the Lyα line
(i.e. from 9254.75 A˚ to 9257.25 A˚). The corresponding
χi and SMOOTH [χi] images (Figure 3) show that we
should be able to visually detect these sources down
to L(Lyα)∼1042.0 erg s−1 if unresolved and down to
L(Lyα)∼1044.0 erg s−1 if the emission is more extended.
If sources fall on the top of the QSO emission, the
PSF subtraction process will hinder the achievement of
Figure 3. χi (see Equation 2, Top Panel) and SMOOTH [χi]
(see Equation 3, Bottom Panel) pseudo narrowband images of the
synthetic sources showed in Figure 2. In absence of systemat-
ics, χi displays the statistical significance of the emission in each
spaxel. The smooth process introduce correlation among neigh-
bor spaxels. This enhance the coherent signal coming from close
positive spaxels, allowing us to increase our ability to detect faint
extended sources (note the different scale of the colorbars). At a
fixed luminosity, this process is more sensitive to compact objects
rather then diffuse emissions. The nominal 5–σ detection limits are
L5σ=10[41.9, 42.1, 42.8, 43.1, 43.4] erg s−1 for sources with dmock=[3,
5, 25, 50, 100] kpc, respectively. The size of each box is the same
of Figure 2.
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Figure 4. Radial profile of the QSO emission extracted within an-
nuli evenly spaced of 0.′′2 in the pseudo narrowband image created
collapsing the datacube over 3 wavelength slices between 9238.5 A˚
and 9242.0 A˚ (i.e., where the QSO emission peaks and contami-
nation from the possible extended emission is expected to be ab-
sent; black dots). For comparison the rescaled PSFSTAR (green
squares) and PSFQSO (blue triangles) are also shown (points are
artificially shifted on the x–axis to avoid superposition). The
two PSF models appear in good agreement with the QSO pro-
file. The region at angular separation θ<0.′′4 is used to normalize
the PSF models (see Section 3.1) and therefore is not plotted here.
The nominal 5–σ surface brightness limit reached in this image
is SB15σ,λ=1.2×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2 aper-
ture. The orange dashed and dotted lines mark the corresponding
1– and 2–σ limits, respectively. The wings of the QSO emission
become consistent with the noise at separation larger then &1.′′5
(at 1–σ). Our ability to detect extended emission at these scales is
thus not influenced by the PSF subtraction procedure.
the theoretical detection limits. However, the QSO is rel-
atively faint in the datacube and PSF wings quickly drop
below the 2–σ surface brightness limit. For instance, in
the pseudo narrowband obtained collapsing the datacube
between 9238.5 A˚ and 9242.0 A˚ the QSO radial profile
becomes consistent with zero (at 2–σ) at a separation
of ∼1.′′2 (i.e., ∼6.5 kpc at zsys, see Figure 4). Contam-
ination due to imperfect PSF subtraction are therefore
expected to impact only sub–arcseconds separations.
3.3. Tentative Detection of an Extended Emission
Figure 5 shows the result of the PSF subtraction
procedure described above. A Lyα extended emission
with a size of ∼1.′′6 (∼9 kpc) towards the South–
West of J0305−3150 is tentatively detected in the
DATAi −MODELi pseudo narrowband image obtained
collapsing the 3 wavelength slices from 9259.75 A˚
to 9262.25 A˚. After removing a circle of 0.′′4 radius
centered on the QSO’s position (to avoid possible
contamination due to imperfect PSF subtraction) we
measured the flux integrated over an elliptical aperture,
with semi–minor and semi–major axis of 0.′′9 and 1.′′4.
We obtained F(Lyα)=(6.1±0.8)×10−18 erg s−1 cm−2
[F(Lyα)=(5.6±0.8)×10−18 erg s−1 cm−2] using PSFQSO
(PSFSTAR) as our model, yielding a 7.6–σ (7.0–σ) detec-
tion. The inferred luminosity of the extended emission is
L(Lyα)=(3.0±0.4)×1042 erg s−1 (using PSFQSO), more
than one order of magnitude fainter with respect to the
characteristic luminosity of LAEs at z∼6.6 (e.g. Hu et
al. 2010; Matthee et al. 2015).
In order to assess the reliability of this detection,
we empirically estimate the effects of systematics in
the pseudo narrowband image obtained collapsing the
DATAλ,i −MODELλ,i datacube over the wavelength
range 9259.75 A˚ to 9262.25 A˚ (see Arrigoni Battaia et
al. 2015a for a similar test performed on narrowband
images). From this image, we extracted fluxes and vari-
ances for a set of elliptical apertures randomly picking
background locations (i.e. avoiding bright sources) in an
annulus with internal and external radius of 5′′ and 25′′
from the QSO, respectively. In absence of systematics,
the flux over noise ratio of these apertures should fol-
low a Gaussian distribution centered in zero and with
σ=1. Figure 7 shows that the actual distribution is
nearly Gaussian with an offset of -0.28 and a sigma
1.42× broader. These deviations could be due to poor
sky–subtraction and/or to 3D correlations present in the
MUSE datacube. Taking into account systematics, the
significance of our detection is reduced to 5.3–σ (4.9–σ)
using PSFQSO (PSFSTAR) as PSF model.
The spectrum of this possible nebula extracted from
the DATAλ,i −MODELλ,i datacube over the same el-
liptical aperture considered above is shown in Figure 6.
The possible Lyα halo appears as the strongest feature
present within ±1000 km s−1 from the QSO’s systemic
redshift. This narrow emission line peaks at λ=9261.5 A˚
and has a FWHM=65 km s−1. The fitted width is slightly
smaller than the nominal resolution limit of MUSE at
these wavelengths, but consistent given the low signal–
to–noise per spectral bin of the line. Under the assump-
tion that we are probing the Lyα emission, the line ap-
pears redshifted by 155 km s−1 with respect to the sys-
temic redshift traced by the [C ii] line. This is smaller
than the 445 km s−1 shift observed between the Hα emis-
sion (originated from HII regions in the galaxy) and the
Lyα line in low redshift UV–selected galaxies (e.g. Stei-
del et al. 2010), but in agreement with the 175 km s−1
offset seen in strong Lyα emitters (LAE) at z∼2 (e.g.
Hashimoto et al. 2013). A similar shift is also observed
at higher redshift. For instance, Pentericci et al. (2016)
observed shifts of 100–200 km s−1 between the Lyα and
[C ii] emission line in four galaxies at redshifts between
6.6 and 7.2. Likewise, the Lyα emission of the z∼6
starforming galaxy A383-5.2 appears to be shifted by
120 km s−1 with respect to the systemic redshift probed
via the C iii]λ1909 metal line (Stark et al. 2015).
4. SEARCHING FOR LYMAN ALPHA EMITTERS
The rapid formation of SMBHs in the early Universe
may imply that the first QSOs are tracers of galaxy over-
densities. In fact, the black hole growth may be fostered
by rich environments, where interactions and mergers are
more likely to occur (see Volonteri 2012 for a review). To
test this hypothesis we performed a search of LAEs in the
proximity of J0305−3150.
To identify LAEs associated with the QSO we fo-
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Figure 5. Result of the PSF subtraction procedure in the wavelength range where the presence of an extended Lyα halo is tenta-
tively detected (from 9259.75 A˚ to 9262.25 A˚, i.e. over 3 wavelength slices, see Figure 6). The different panels show (from left to right)
DATAi −MODELi, χi, and SMOOTH [χi] pseudo narrowband images obtained using PSFQSO (top row) and PSFSTAR (bottom row).
The size of the boxes is 13′′×13′′ (70 kpc×70 kpc at the QSO’s redshift). Images are oriented to have north on the top and east on the left.
The color scale used here is the same as in Figure 2 and 3. The area used to normalize the PSF models to the QSO is marked with a black
circle. This region was masked out to produce the SMOOTH [χi] images. The elliptical aperture used to derive the photometry of the
extended emission is shown in the rightmost panels. The 5–σ nominal surface brightness limit reached in this pseudo narrowband image
is SB15σ=2.2×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2 aperture. A significative excess of residuals is present towards the South–West
considering both PSF models. We notice that our procedure slightly oversubtracts the QSO emission. The total flux coming from the
putative halo could thus be underestimated.
cused our attention on the wavelength range between
∼9226 A˚ and∼9287 A˚, corresponding to ±1000 km s−1
from the QSO systemic redshift. This region was re-
cursively sliced in 10 A˚ wide (i.e., ∼325 km s−1) pseudo
narrowband images. The nominal 5–σ surface bright-
ness limit reached in the image centered at 9256 A˚ is
SB15σ,λ=2.3×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2
aperture. Assuming a spatially unresolved line emis-
sion with FWHM of 270 km s−1 (i.e., the FWHM of
the z∼6.6 LAE spectral template presented in Ouchi
et al. 2010), the corresponding 5–σ luminosity limit is
L5σ=6.7×1041 erg s−1. Each image was then processed
using SExtractor (Bertin & Arnouts 1996) requir-
ing a minimum detection area of 7 spaxel and a detec-
tion threshold of 1.5–σ. Identified sources were consid-
ered only if located within a 50′′×50′′ box centered on
the QSO. This search–box, smaller than the full MUSE
field–of–view, was chosen to avoid issues related to the
shorter exposure times experienced by the peripheral re-
gions due to the dithering. The neutral hydrogen in the
intergalactic medium is expected to suppress virtually all
the flux blueward of the Lyα line in high redshift galax-
ies. We thus excluded from our analysis sources present
also in the pseudo narrowband image obtained collapsing
DATAλ,i over the wavelength slices 4750 A˚ – 8500 A˚. Fi-
nally, single exposure datacubes were visually inspected
to identify false detections associated with highly devi-
ating pixels present in only one OB.
This procedure allowed us to reveal the presence
of a LAE in the immediate proximity of J0305−3150
(RA=03:05:16.80, Dec.=-31:50:57.3, Epoch=J2000, see
Figure 8). This appears as a 8.3–σ detection in the
pseudo narrowband images created summing up slices
in the DATAλ,i datacube from 9269.75A˚ to 9277.25A˚,
and as a 4.2, 3.5, 5.1–σ detection in the single OB dat-
acubes collapsed in the same wavelength range (see Fig-
ure 8). Figure 9 shows the spectrum extracted over a
circular aperture with a radius of 3 spaxel. By fitting
a Gaussian function over the most prominent emission
line, we derive a redshift of zLAE=6.629 (i.e. redshifted
by ∼560 km s−1 with respect to the QSO’s systemic
redshift), a FWHMLAE=240 km s
−1, and a luminosity
L(Lyα)=(2.1±0.2)×1042 erg s−1. Consistently, the lumi-
nosity directly estimated from the pseudo narrowband
image is L(Lyα)=(1.8±0.2)×1042 erg s−1. No significant
continuum emission is detected redward of the Lyα line.
To quantify the effect of systematics we performed the
same empirical test used in Section 3.3. From the pseudo
narrowband image, we extracted an ensemble of circular
apertures with 3 spaxel radius, avoiding bright sources
and image edges. The distribution of the flux over noise
ratio of these apertures is well reproduced by a Gaus-
sian with average: µ=0.31 and sigma: σ=1.21 (see Fig-
ure 10). The significance of the detection of the LAE
emitter, once systematics are taken into account, is thus
6.8–σ. In Figure 9 we compare the spectra extracted
from the circular apertures considered above with the
spectrum of the LAE. Despite the relatively low SNR per
voxel of the line, 7 consecutive slices have a SNR>2 and
the whole emission is the brightest line detected within
±1000 km s−1 from the QSO’s systemic redshift. These
results corroborate the reliability of the LAE’s detection.
Given the high–redshift of this source, MUSE is not able
to cover additional rest–frame UV line diagnostics (e.g.,
He ii, C iv) which would allow us to better determine the
strength (and nature) of this faint companion.
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Figure 6. Spectrum of extended Lyα emission extracted over
an elliptical aperture with semi–minor axis of 0.′′9 and semi–major
axis of 1.′′4 in the DATAλ,i−MODELλ,i datacube (blue solid line),
1–σ flux uncertainties are shown in light blue. A circle with radius
0.′′4 centered at the QSO position is removed before extracting the
spectrum (see Figure 5). The top axis (∆V) indicates the velocity
shift with respect to the QSO’s systemic redshift. As in Figure 1,
the purple dashed gaussian shows the expected position and width
of the Lyα line if centered at zsys and with a FWHM equal to
the [C ii] line. The possible Lyα halo appears as a bright spike at
λ=9261.5 A˚. A gaussian model of the line is shown in red. Light
gray histograms are spectra randomly extracted within a radius of
25′′ from the QSO’s position (see Section 3.3 for details). The 1–σ
dispersion of these spectra in each voxel is highlighted in dark gray.
The excess of flux at ∼9240 A˚ appears to be related to correlations
present in the MUSE data and/or to non optimal sky–subtraction
and thus non–significative.
5. DISCUSSION
In the following we discuss the implications of the ten-
tative detection of the extended Lyα emission associated
with the high redshift QSO J0305−3150 (Sections 5.1
and 5.2) and of its companion galaxy (Section 5.3).
It is worth mentioning that the real luminosity of the
Lyα emission could be slightly underestimated due to
the presence of neutral hydrogen in the proximity of the
QSO. This effect is however negligible in the context of
the forthcoming discussion.
5.1. The Host Galaxy of J0305−3150
In Section 3.3 we present a possible detection of ex-
tended Lyα emission around the QSO J0305−3150. The
significance of this emission is strengthened by its spa-
tial and redshift position (close to what is expected from
the [C ii] emission). In this section we link this discovery
with the properties of the QSO’s host galaxy.
Figure 11 maps the distribution of [C ii] (as observed
with ALMA) overplotted to the Lyα halo detected with
MUSE. The two emissions appear as not co–spatial. A
displacement of the Lyα and [C ii]/dust emission has
been commonly observed in other dusty sources at high
redshift. For instance, Hodge et al. (2015) reported a
∼4 kpc offset between the rest–frame UV and both the
Figure 7. Analysis of the significance of the possible Lyα neb-
ula detected in the MUSE datacube. The orange histogram is
the distribution of flux over noise of elliptical apertures, with the
same extent of the one used to extract the extended emission (see
Section 3.3), randomly placed in the pseudo narrowband image ob-
tained collapsing DATAi −MODELi from 9259.75 A˚ to 9262.25 A˚.
The arrow marks the position of the tentatively detected halo. The
Gaussian fit of the distribution (purple line) has an average of
µ=-0.28 and a sigma of σ=1.42. These shifts from the expected
values (µ=0, σ=1) reflect systematics in the final datacube due, for
instance, to poor sky–subtraction and to correlation among vox-
els. Taking into account this distribution, the significance of the
detection is therefore 5.1–σ for PSFQSO and 4.7–σ for PSFSTAR.
FIR and the CO emission in the z=4.05 submillimeter
galaxy GN20. Decarli et al. (2016) and Aravena et al.
(2016) observed a comparable shift in the compact star
forming galaxy ASPECS C.1 (z=2.54). In a similar fash-
ion, the Lyα extended emission not associated with the
radio jet, the rest–frame UV continuum, and the dust
emission (albeit the coarse spatial resolution) appear to
be offsetted in the z=4.11 radio galaxy TN J1338−1942
(e.g. De Breuck et al. 2004; Zirm et al. 2005; Venemans
et al. 2007; Swinbank et al. 2015).
For J0305−3150 we can estimate the obscuration due
to the copious amounts of dust detected with ALMA
[Mdust=(4.5–24)×108 M, Venemans et al. 2016] by com-
paring the luminosity of the observed extended Lyα emis-
sion with the theoretical (unobscured) Lyα emission ex-
pected due to the UV photons coming from the intense
star–burst detected at millimeter wavelengths. Assum-
ing a case–B recombination, the relation between L(Hα)
and SFR (Kennicutt & Evans 2012) becomes:
L(Lyα)
1042erg s−1
= 1.62
SFR
M yr−1
. (4)
The star–formation rate of the host galaxy
(SFRTIR=545 M yr−1) yields to a Lyα luminosity
of L(Lyα)=8.8×1044 erg s−1, i.e. a factor ∼300×
brighter than the observed luminosity. This imply high
extinction with AUV∼6.2 mag.
Resonance scattering may trap Lyα photons and dim
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Figure 8. Detection of one LAE candidate in the proximity of J0305−3150. The different panels on the top show (from left to right)
DATAi, χi, and SMOOTH [χi] pseudo narrowband images obtained summing up the wavelength slices from 9269.75 A˚ to 9277.25 A˚ in the
DATAλ,i datacube. A source (highlighted with black circles) is detected 2.
′′3 (∼12.5 kpc) from J0305−3150 with a formal significance of
8.3–σ. The dashed ellipse marks the position where the extended Lyα halo is located (see Figure 5). On the bottom, pseudo narrowband
χi images obtained from the single OBs exposures. The source is detected with a SNR>3 in all the images. Box sizes and color scales are
the same as in Figure 5.
Figure 9. Spectrum of the LAE extracted over a 0.′′6 circular
aperture in the DATAλ,i datacube. The color code of the lines
is the same as in Figure 6. The detected line is well fitted by
a Gaussian shifted 560 km s−1 with respect to the QSO’s systemic
redshift (estimated from the [C ii] emission line) and with a FWHM
of 240 km s−1.
the expected luminosity of the extended emission. The
bouncing of Lyα photons between optically thick clouds
increases the total pathlength traveled in the dusty
medium, incrementing its extinction (see Discussion
in Decarli et al. 2012 and Appendix in Hennawi &
Figure 10. Analysis of the significance of the LAE detected in
the MUSE datacube. The histogram is created as for Figure 7 but
with circular aperture with 0.′′6 radius extracted over the collapsed
DATAλ,i datacube. The Gaussian model of the distribution has
µ=0.31 and σ=1.21. Correcting for systematic, the significance of
the LAE is 6.8–σ.
Prochaska 2013). The relative importance of this effect
strongly depends on various QSO’s host galaxy proper-
ties, such as, among the others, neutral hydrogen column
density, neutral fraction, dust–to–gas ratio, and geom-
etry. However, there is no clear evidence for a broad
double peaked kinematics as expected from resonantly
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Figure 11. Comparison between the extended Lyα emission de-
tected in the PSF–subtracted MUSE datacube (background image,
see also Figure 5) and the (resolved) [C ii] emission line detected
with ALMA by Venemans et al. (2016, black contours). The black
contours trace the [C ii] line emission of J0305−3150 at [1.5, 3.0,
4.5, 6.0, 7.5]–σ significance level. The PSF–subtracted pseudo nar-
rowband image was convolved with a 2D Gaussian kernel with
σ=1 spaxel after removing the central region used to normalize the
PSF (grey filled circle). The white cross on the bottom right corner
marks the position of the LAE detected at z=6.629.
Figure 12. Top Panel — SED of J0305−3150 (filled circles, see
Venemans et al. 2013 for details on the photometry). The combine
FIRE+MUSE spectrum of the QSO is shown in grey (see De Rosa
et al. 2014 for details). The brown spectrum is the QSO composite
from Selsing et al. (2016) corrected for IGM absorption following
Meiksin (2006). The normalization is set by the W2 photometry.
A mild extinction of AUV =0.05 permits to match the photometry
in the bluer bands. This imply that dust obscuration does not
strongly affect the QSO emission along the line of sight. Bottom
Panel — Transmission curves of the Z, Y, J, H, Ks, W1 and W2
bands used to create the SED.
trapped Lyα photons (e.g., Cantalupo et al. 2005), pos-
sibly due to absorption from neutral hydrogen in the in-
tergalactic medium. In addition, an high level of obscu-
Figure 13. Redshift–corrected surface brightness radial fit of
z∼3.5 radio quiet QSOs from Borisova et al. (2016, light blue
solid lines) compared with the nominal 5–σ surface brightness limit
reached by collapsing the datacube over 5 wavelength slices cen-
tered at zsys (orange dashed line). The power–law fits for interme-
diate redshift QSOs are extrapolated down to a separation of 1′′ (at
the QSO’s redshifts) where no information on the extended emis-
sion could be provided due to the PSF subtraction procedure (light
blue dotted lines, see Borisova et al. 2016 for details). The circular
averaged profile of emission around J0305−3150 is also showed for
comparison (dark blue crosses). This profile is calculated in annuli
with radii evenly spaced in logarithmic space. Despite its asym-
metric morphology, the tentative extended emission is detected just
above the 5–σ level in the inner 0.′′4–1.′′0 annulus.
ration is in contrast with the low extinction observed to-
ward the QSO: Figure 12 plots broad–band photometry
for J0305−3150 taken from Venemans et al. (2013). The
SED matches the QSO composite spectrum of Selsing et
al. (2016) well, leaving room for only little extinction.
Assuming a SMC extinction curve (Gordon et al. 2003),
appropriate for non–BAL QSOs at high redshift (e.g.,
Gallerani et al. 2010), we can infer a stringent limit on
the obscuration of AUV<0.1 mag.
These results suggest that the copious amounts of dust
detected with ALMA [Mdust=(4.5–24)×108 M, Vene-
mans et al. 2016] can effectively obscure the UV emis-
sion and can prevent the ionizing photons from escaping
the QSO’s host galaxy. Yet, UV radiation is able to leak
through small openings in the dust cocoon. These leak-
age may be associated with short and extreme bursts of
star formation as proposed to explain the intrinsically
blue rest frame UV slope observed in dusty, star forming
galaxies (SFR>50 M yr−1) up to z∼5 (e.g., Casey et al.
2014). A similar scenario was also proposed by Decarli
et al. (2012) to explain the lack of extended Lyα emis-
sion from the host galaxy of the two highly star forming
z>6 QSOs: SDSS J1030+0524 and SDSS J1148+5251
(see also Mechtley et al. 2012).
5.2. Large Scale Lyα Emission
Is the surface–brightness limit reached with MUSE suf-
ficient to probe the presence of Lyα nebular emission on
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Figure 14. Distribution of all Lyα nebulae associated with
QSOs know to date in the redshift vs. total Lyα luminosity
plane (blue circles). The radius of the points is proportional to
square root of the maximum extent of the Lyα emissions. Data
at z>5 are SDSS J2228+0110 (z=5.95, Roche et al. 2014) and
CFHQS J2329−0301 (z=6.42, Willott et al. 2011) The arrows are
5–σ upper limits set by Decarli et al. (2012) on SDSS J1030+0524
(z=6.31) and SDSS J1148+5251 (z=6.42, see text for details). The
extended emission associated with J0305−3150 is plotted as an or-
ange filled circle. Ticks on the right side of the plot mark nominal
sensitivity limits reached in the MUSE data calculated assuming
SB15σ=1.9×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2 aperture
(obtained collapsing the cube over 5 wavelength slices, see Sec-
tion 3.2) and top hat sources with diameters 10, 25, 50, and 100 kpc
and a FWHM of 200 km s−1.
scales of 5–100 kpc? To test this possibility we compare
our detection limits with the circular averaged surface
brightness profiles of bright QSOs at intermediate red-
shift. As comparison sample we consider the recent work
of Borisova et al. (2016), who investigated 17 radio quiet
QSOs at 3.0.z.3.9. We stress that, with a median ab-
solute magnitude at 1450 A˚ of M1450=−29.2, these are
among the brightest QSOs at z∼3.5, hence they are ∼3
magnitudes brighter than J0305−3150. The nebulae sur-
rounding these QSOs extend on scales of 50–100 kpc and
their circularly average surface brightness profiles are
well represented by a power–law decline in the major-
ity of the cases. In Figure 13 we plot the power–law best
fits of these extended Lyα emissions as they would ap-
pear if moved at z=zsys, which means we corrected for
redshift dimming and for different angular diameter dis-
tances. We also show the profile of the extended Lyα
emission associated with J0305−3150 averaged over an-
nuli evenly spaced in logarithmic space together with our
nominal 5–σ limit on the surface brightness. It is appar-
ent that if J0305−3150 was surrounded by an extended
emission similar to bright z∼3.5 QSOs, our MUSE data
would have been deep enough to detect it at angular
scales θ&1′′.
The nebular emission around J0305−3150 appears
to have a significantly lower surface brightness and
lower total luminosity than commonly observed at in-
termediate redshift. In Figure 14 we present a com-
pilation of Lyα nebulae detected around QSOs from
the literature12. 5–σ upper limits on the luminos-
ity set by Decarli et al. (2012) on SDSS J1030+0524
(z=6.31) and SDSS J1148+5251 (z=6.42) are also plot-
ted. These are derived rescaling their 5–σ surface
brightness limit (SB15σ=1.0×10−17 erg s−1 cm−2 arcsec−2
over a 1 arcsec2 aperture) to a circular aperture with
a diameter of 10 kpc. On the right side of Fig-
ure 14 we mark the 5–σ upper limits on the lumi-
nosity for top hat sources with diameters d=[10, 25,
50, 100] kpc and FWHM=200 km s−1. These are cal-
culated considering the surface brightness limit ob-
tained collapsing the MUSE datacube over 5 wavelength
slices (SB15σ,λ=1.9×10−18 erg s−1 cm−2 arcsec−2 over a
1 arcsec2 aperture, see Section 3.2). These data are sug-
gestive for a decline of total luminosity of the Lyα neb-
ulae as a function of redshift. This may indicate of
a change in the gas properties and/or in the powering
mechanisms at different epochs. A more quantitative in-
terpretation, however, is hampered by differing method-
ologies, ambiguities in detection criteria, and the lack of
a statistical sample of QSOs investigated at z>4.
It is of interest to compare our observational results
with predictions on the luminosity of the Lyα for differ-
ent emission mechanisms. In Section 5.2.1 we consider
the case of recombination from optically thick clouds.
The case in which the QSO radiation highly ionize the
surrounding gas that thus become optically thin is ad-
dressed in Section 5.2.2. Finally, in Section 5.2.3 we com-
ment on the possibility that the gas is in a multi–phase
status. These calculations closely follow the formalism
described in Hennawi & Prochaska (2013).
5.2.1. Optically Thick Gas
Under the assumption that the surrounding of the QSO
is filled by cool, optically–thick clouds, self–shielding gen-
erates a thin, highly–ionized envelope around individual
clouds that acts as a mirror converting a fraction of the
ionizing radiation into Lyα photons (Gould & Weinberg
1996). In this scenario the powering mechanism is the
QSO ionizing radiation (LνLL , where νLL is the frequency
at the Lyman edge). L(Lyα) is thus proportional to LνLL
as:
L(Lyα)
1044 erg s−1
= 7.8 f thickc
LνLL
1030 erg s−1 Hz−1
(5)
where f thickc is the optically thick clouds covering factor.
If we assume f thickc =0.1 as estimated for the small scale
Lyα emission observed in z=2–3 QSOs by Hennawi &
Prochaska (2013) and LνLL=4.9×1030erg s−1 Hz−1 (ob-
tained rescaling the composite spectrum from Lusso et
al. (2015) to the QSO luminosity at 1350 A˚) we obtain
12 Data are from: Heckman et al. (1991a,b); Bremer et al. (1992);
Roettgering et al. (1997); van Ojik et al. (1997); Lehnert & Becker
(1998); Bergeron et al. (1999); Fynbo et al. (2000); Bunker et al.
(2003); Weidinger et al. (2004, 2005); Christensen et al. (2006);
Courbin et al. (2008); Barrio et al. (2008); Yang et al. (2009); Smith
et al. (2009); Matsuda et al. (2011); Willott et al. (2011); North
et al. (2012); Humphrey et al. (2013); Cantalupo et al. (2014);
Roche et al. (2014); Husband et al. (2015); Hennawi et al. (2015);
Borisova et al. (2016); Fumagalli et al. (2016); Fathivavsari et al.
(2016). Effects of different sensitivities are not taken into account.
12 Farina et al.
L(Lyα)=3.8×1044 erg s−1. This discrepancy of a factor
∼130× with respect to the observed luminosity may be
due to the geometry of the emission: If the UV pho-
tons break only through a small solid angle Ωe, the ex-
pected Lyα luminosity would be reduced by a factor
fΩe=
(
Ωe
4pi
)
. Assuming, for the sake of simplicity, that
the anisotropic emission occurs in a cone, an opening
angle of 30° corresponds to fΩe∼0.07. However, this
would imply an unrealistic fraction of obscured AGN of
fObs=
(
1− Ωe4pi
)
= 0.85 (e.g. Treister et al. 2008; Lusso
et al. 2013; Merloni et al. 2014). Alternatively, a factor
100× lower in the optically thick clouds covering frac-
tion may explain the faintness of the emission. Such
a low covering fraction however is in contrast with re-
sults from z∼2–3 QSOs (Prochaska et al. 2013a, see also
Section 5.2.3). This result push for different emission
mechanisms to explain the observed emission.
5.2.2. Optically Thin Gas
If the gas surrounding the QSO is optically thin, the
QSO radiation would be sufficiently intense to keep the
gas highly ionized (i.e., the hydrogen neutral fraction is
xHI=
nHI
nH
1). As shown in Hennawi & Prochaska (2013),
in the optically thin regime L(Lyα) can be expressed
in terms of the area–averaged neutral column density
(〈NH I〉) and of the ionizing luminosity:
L(Lyα)
1044 erg s−1
= 0.9
〈NH I〉
1017.2 cm−2
LνLL
1030 erg s−1 Hz−1
(6)
where the normalization of 〈NH I〉 is set by the re-
quirement that, to be optically thin, clouds must have
NH I1017.2 cm−2. Plugging in this equation the ob-
served luminosity of the nebula and the LνLL estimated
above we obtain 〈NH I〉∼1015.0 cm−2. It is thus plausi-
ble that the extended emission arises from optically–thin
clouds illuminated by the QSO. However, it is worth
to remind that while 〈NH I〉>1017.2 cm−2 implies that
the gas is in the optically thick regime, clouds with
〈NH I〉<1017.2 cm−2 could be either optically thin or op-
tically thick (see Hennawi & Prochaska 2013).
If we assume an optically thin scenario, we can relate
the observed Lyα surface brightness with the hydrogen
total column density (NH) and volume density (nH; e.g.,
Hennawi & Prochaska 2013):
SB(Lyα)
10−19 erg s−1 cm−2 arcsec−2
= 5.9
(
1 + z
7.6145
)−4
×f thinc
( nH
1.0 cm−3
) ( NH
1020.5 cm−2
) (7)
where f thinc is the covering fraction of the optically thin
gas. From this equation, we can derive an estimate of
the volume density of the gas giving rise to the extended
emission. In fact, the total column density of the hydro-
gen in proximity of z∼2 QSOs has been constrained from
the study of absorption systems. Photoionization models
of these absorbers suggest that NH is almost constant
within an impact parameter of 200 kpc with a median
value NH=10
20.5 cm−2 (e.g. Prochaska & Hennawi
2009; Hennawi et al. 2015; Lau et al. 2016). Assuming
f thinc =0.5, to explain the observed surface bright-
ness SB(Lyα)=(1.8±0.2)×10−18 erg s−1 cm−2 arcsec−2
(calculated over the elliptical aperture considered in Sec-
tion 3.3) an high gas volume density of nH=6.1 cm
−3 is
required. Remarkably, smiliarly high nH were proposed
to explain the emission of the giant Lyα nebulae asso-
ciated with the QSOs UM 287 (Cantalupo et al. 2014;
Arrigoni Battaia et al. 2015b) and SDSS J0841+3921
(Hennawi et al. 2015).
5.2.3. A Multi–Phase Scenario
In the previous sections, we estimated the expected
emission from the gas surrounding J0305−3150 consid-
ering that it is either optically thick or optically thin
to the QSO radiation. However, we can also consider
a multi–phase scenario where low density clouds with
high covering fraction are responsible for the absorption
systems observed at z∼2, whereas the observed emis-
sion rises from optically thick gas with low covering frac-
tion (and hence rarely intercepted in absorption). We
also stress that disentangling among different emission
mechanism is challenging. At a given separation from
the QSO, optically thick and optically thin gas clouds
could result in a similar emission with opportune com-
binations of nH, NH, and covering fraction. From Equa-
tions 6 and 7 it is clear that, for a given NH, one can con-
sider to increase nH to rise the emission in the optically
thin regime. However, when the area–averaged neutral
column density reach 〈NH I〉∼1017.2 cm−2, the cloud be-
come optically thick and recombination would occur only
in the self shielding layer. We can thus roughly calculate
the density required for a cloud to become optically thick
as a function of the distance from the QSO by matching
the emission estimates in Section 5.2.1 and 5.2.2 (for the
same covering factor). We obtain that, in order to shelf
shield at a separation of 25 kpc from J0305−3150, a cloud
should have a high density of nH∼200 cm−3.
5.3. Overdensity of LAE around the J0305−3150
The first search for LAEs around z>5.5 QSOs was
performed by Decarli et al. (2012) using a combina-
tion of narrowband filters of the WFC3 on HST. No
companion galaxies were found around the two QSOs
SDSS J1030+0524 and SDSS J1148+5251. However,
the field–of–view of WFC3 allowed the authors to probe
only a small cosmological volume and a relatively bright
point source detection limit was reached (∼23.4 mag).
Ban˜ados et al. (2013) and Mazzucchelli et al. (2016)
used sensitive narrow– and broad–band images from the
FOcal Reducer/low dispersion Spectrograph 2 (FORS2)
on the VLT to investigate the environment of the two
QSOs ULAS J0203+0012 (z=5.72) and PSO J215.1512-
16.0417 (z=5.73) over a much larger area (∼37 arcmin2).
Both studies report a number of LAEs consistent with
(or even lower than) expectations from a blank field.
Goto et al. (2017), using the Subaru Prime Focus
Camera (Suprime–Cam) on the Subaru telescope, sim-
ilarly reported an under–density of LAEs around the
QSO CFHQS J2329−0301 (z=6.4). It is worth men-
tioning that at slightly lower redshift McGreer et al.
(2014) discovered a LAE in the immediate proximity
(with a separation of only 11.4 kpc) of the z∼4.9 QSO
SDSS J0256+0019.
The detection of one LAE in the MUSE datacube at
only ∼12.5 kpc and 560 km s−1 from J0305−3150 may
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represent the first spectroscopically confirmed evidence
of the connection between high–density environments
(and thus high merger rate) and z>6 QSOs, that was
postulated to explain the rapid assembly of the first
SMBHs (e.g. Volonteri 2012). To confirm this scenario
we have first to calculate the probability of finding such
LAE in the proximity of the QSO.
Figure 15. Number density of LAEs as a function of Projected
Distance. The grey shaded area shows the expected number of
LAEs located within ±1000 km s−1 from the QSO systemic red-
shift. This is obtained integrating the z∼6.6 LAE luminosity func-
tion of Matthee et al. (2015) down to the 5–σ luminosity limit
reached by our observations (i.e., L5σ=1041.8 erg s−1). In absence
of clustering, the LAE detected at a projected distance of 12.5 kpc
from J0305−3150 (orange point, error bars are the 1–σ confidence
interval derived following Gehrels 1986) appears to be a factor
∼1000× above expectations. The large scale QSO–LAE clustering
(see Section 5.3) increase the expected number of LAE in the prox-
imity of a QSO (blue shaded area). Even considering the upper–
limit on the z∼6.6 LAE–LAE auto–correlation function to deter-
mine the QSO–LAE cross–correlation length less then ∼0.1 LAEs
are expected at separation <15 kpc.
5.3.1. Comparison to Blank Field
In order to estimate how many LAEs are ex-
pected from the blank field we integrated the
z∼6.6 LAE luminosity function from Matthee et
al. (2015)13 down to our 5–σ luminosity limit
for an unresolved source (i.e., L5σ=6.7×1042 erg s−1,
see Section 4). The derived number density of
LAEs is φ(L>1041.8erg s−1)=(5.8+1.9−1.2)×10−4 cMpc−3.
This means that .0.1 LAEs are expected within
the total volume explored in our analysis (i.e.,
50′′×50′′×2000 km s−1, or ∼80 cMpc3, see Section 4) and
a mere ∼10−3 within a separation of 12.5 kpc (see Fig-
ure 15). Such a low incidence of LAEs due to the blank
13 As suggested in Matthee et al. (2015), we conservatively con-
sider the fit of the spectroscopically confirmed UDS+COSMOS
sources with a fixed faint–end slope α=−1.5.
field supports the idea that the detected LAE has to be
physically linked to the presence of the QSO.
5.3.2. Comparison to QSO–LAE clustering
The study of the QSO–galaxy and QSO–QSO cluster-
ing showed that bright QSOs at low and intermediate
redshifts are biased tracer of massive dark matter haloes
with MDM&1012.5 M (e.g., Myers et al. 2007a; Shen et
al. 2007; Padmanabhan et al. 2009; Ross et al. 2009; Fa-
rina et al. 2011; White et al. 2012; Richardson et al.
2012; Shen et al. 2013; Zhang et al. 2013; Sandrinelli
et al. 2014; Karhunen et al. 2014; Eftekharzadeh et al.
2015, 2017; Garcia-Vergara et al. 2017). At high red-
shift, constraints are given by the discovery of a QSO
pair with projected separation of only 130 kpc at z=5.02
(McGreer et al. 2016). The inferred correlation length is
r0>29 cMpc, that is consistent with the r0∼30 cMpc esti-
mated by Shen et al. (2007, 2010) from a sample of QSO
pairs at 3.5<z<4.5. To predict the expected number of
LAEs in presence of clustering, we follow the formalism
proposed by Hennawi et al. (2006b). In summary, the
real space two point QSO–LAE cross–correlation func-
tion ξQG is integrated along the line–of–sight to elimi-
nate distance distortions in the redshift space, and the
expected number of companions is calculated in cylindri-
cal shells (Vshell) centered on the QSO. In practice, ξQG
can be expressed as:
ξQG(r,R) =
(r2 +R2) 12
rQG0
−γ (8)
where r and R are comoving coordinates, perpendicular
to and along the line–of–sight, respectively; rQG0 is the
QSO–LAE cross–correlation length; and γ is the slope
of the correlation function (e.g. Peebles 1980). In pres-
ence of clustering, the number of LAEs expected within
a cylindrical shell of volume Vshell(r)=pi(r
2−r2min)∆R,
where rmin is the minimum radius (in comoving Mpc)
that can be probed in the MUSE datacube (i.e., the see-
ing radius), r is the comoving transverse distance from
the QSO, and ∆R is the comoving line–of–sight distance
corresponding to the velocity range ±1000 km s−1 from
the QSO’s systemic redshift, is:
NC(LLim, r) = φ(LLim)Vshell(r)
[
1 + W¯QGp (rmin, r)
]
(9)
where the volume–averaged projected cross–correlation
function (W¯QGp ) is given by:
W¯QGp (rmin, r) =
∫ + ∆R2
−∆R2
dR′
∫ r
rmin
2pir′dr′ξQG(r′, R′)
Vshell(r)
.
(10)
To infer rQG0 we consider that, by definition, ξQG could
be expressed as:
ξQG(r,R) = 〈δQ(r,R)δG(r,R)〉 (11)
where δQ and δG are the relative density contrasts of
QSOs and LAEs, respectively; and the angular brack-
ets denote averaging over a distribution. Under the as-
sumption that QSOs and LAEs trace the same under-
lying dark matter distribution and considering a linear
14 Farina et al.
bias (δQ=bQδDM and δG=bGδDM), Equation 11 can be
rewritten as:
ξQG(s,R) = bQbGξ
DMDM(r,R)
=
[
ξQQ(r,R)ξGG(r,R)
] 1
2
(12)
where ξDMDM, ξQQ, and ξGG are the real space two point
auto–correlation functions for dark matter halos, QSOs,
and LAEs, respectively (e.g. Schneider 2006). Assum-
ing a power law form for both ξQQ and ξGG (with the
same γ) the QSO–LAE cross–correlation length could be
estimated as:
rQG0 =
(
rQQ0 r
GG
0
) 1
2
(13)
where rQQ0 and r
GG
0 are the QSO–QSO and LAE–LAE
auto–correlation lengths. As a proxy for rQG0 at z∼6.6
we considered rGG0 =10.3
+4.7
−8.6 cMpc that is the upper limit
on the auto–correlation length derived by Ouchi et al.
(2010) from the clustering analysis of bright LAEs at
z=6.6 and rQQ0 =17.4
+2.5
−2.8 cMpc obtained imposing γ=1.8
to the study of the clustering properties of z>2.9 QSOs
of Shen et al. (2007). It is worth noticing that, at z∼1–2,
the QSO–QSO auto–correlation function appears to get
steeper at sub–Mpc separations (e.g. Djorgovski 1991;
Hennawi et al. 2006b; Myers et al. 2007b; Djorgovski et
al. 2007; Myers et al. 2008; Hennawi et al. 2010; Kayo &
Oguri 2012; Farina et al. 2013b). However, this enhance-
ment become less prominent at z>2.9 where small– and
large–scale clustering amplitude are comparable (Shen et
al. 2010).
Figure 15 shows, as a function of r, the estimated num-
ber of LAEs located within±1000 km s−1 from the QSO’s
systemic redshift. Considering the cross–correlation
length estimated above .0.1 LAEs are expected within
100 ckpc from the QSO. The presence of one LAE with
such small separation suggests a physical interaction with
the QSO’s host galaxy. Intriguingly, the detected LAE
and the possible Lyα halo point to each other both in
velocity and in position with respect to the QSO, open-
ing the possibility that we may be witnessing an ongoing
merger and that the Lyα halo may be associated with the
interaction among the LAE and the QSO’s host galaxy.
We are cautious, however, that these results are based on
the detection of a single LAE in proximity of one z∼6.6
QSO. Previous studies (Decarli et al. 2012; Ban˜ados et
al. 2013; Mazzucchelli et al. 2016; Goto et al. 2017), even
if subjected to larger redshift uncertainties, did not re-
port any evidence for an excess of LAEs in the proximity
of z∼6 QSOs (but see Decarli et al. 2017for the detec-
tion of C ii bright galaxies in proximity of z∼6 QSOs).
Measurements of the high redshift QSO–galaxy cluster-
ing in a statistical fashion is thus fundamental to discern
among different scenarios proposed to explain the rapid
formation of SMBHs at the end of the Cosmic reioniza-
tion.
5.3.3. Physical Properties of the LAE
The Lyα emission of the companion galaxy could be
boosted by the local enhancement of the ionizing back-
ground in the vicinity of a QSO. Star formation can
power the Lyα emission up to a rest–frame equivalent
width of W0(Lyα)=240 A˚ (e.g. Schaerer 2002). This
value is commonly used as limit to identify LAEs asso-
ciated with a fluorescent reprocessing of QSO radiation
(e.g. Cantalupo et al. 2012). Some authors consider a
less stringent limit of W0(Lyα)>100 A˚ for their selection
(e.g. Trainor & Steidel 2013; Borisova et al. 2015). How-
ever, this may lead to a high level of contamination from
non–fluorescent objects (e.g. Borisova et al. 2015).
Here we test if the properties of the identified LAE
are consistent with a Lyα fluorescence scenario. No
significant continuum emission is detected redward of
the Lyα emission. To constrain W0(Lyα) we thus
consider the 1–σ limit on the mean continuum (σC)
obtained averaging down the errors on the extracted
spectrum (σLAE,λ) over the wavelength range between
9281 A˚ and 9350 A˚ (i.e, up to the edge of the dat-
acube): σ2C=
∑9350A˚
λ=9281A˚ 1/σ
2
LAE,λ. This leads to a
3–σ lower limit on the rest–frame equivalent width of
W3σ(Lyα)=
F(Lyα)
3σC(1+zLAE)
=7.4 A˚, that is not strict enough
to rule out a non–fluorescent scenario. As a matter of
fact, if powered by fluorescence, the luminosity of the
LAE is proportional to LνLL and inversely proportional
to the square of the perpendicular distance from the
QSO, assuming, for the sake of simplicity, the line–of–
sight separation as negligible (see Hennawi & Prochaska
2013). We would expect L(Lyα)∼7×1043 erg s−1, where
we considered the LAE as unresolved, i.e. with a diam-
eter matching the seeing FWHM (0.′′58). The observed
luminosity is a factor ∼30× fainter. Note that this es-
timate depends on unknown quantities, namely the real
distance of from the QSO, the luminosity of the QSO
in the direction of the LAE, and the size of the surface
illuminated by the ionizing radiation. These could con-
tribute to reduce the expected fluorescence emission. On
the other hand, it is possible that we are underestimat-
ing the real Lyα luminosity. Up to 90% of the flux may
come from an undetected extended component (Wisotzki
et al. 2016) and a fraction of the Lyα emission could be
concealed by the neutral hydrogen. Whitin these un-
certainties, we favour a scenario where star formation,
rather then fluorescence, is inducing the Lyα emission.
From Equation 4 we can thus derive the star–formation
rate of the LAE: SFRLAE∼1.3 M yr−1 (see discussion
in Rauch et al. 2013 for the possibility of QSO feedback
triggering the star formation in a closeby LAE at z∼3.0).
6. SUMMARY AND CONCLUSIONS
In this paper we presented a sensitive search
for extended Lyα emission around the starburst-
ing QSO J0305−3150 at z∼6.61. The nominal
5–σ surface brightness limit reached with MUSE is
SB15σ=1.9×10−18 erg s−1 cm−2 arcsec−2 over a 1 arcsec2
aperture (estimated collapsing the datacube over 5 wave-
length slices centered at λ=9256 A˚). This formally cor-
responds to a luminosity limit of L5σ∼1042.0 erg s−1 for
unresolved sources with FWHM=200 km s−1, and to
L5σ∼1043.2 erg s−1 for a circular source with diameter
50 kpc and the same FWHM. The primary results of this
study are:
1. After carefully subtracting the unresolved emission
from the central QSO we detect the presence of
a tenuous [L(Lyα)=(3.0±0.4)×1042 erg s−1] Lyα
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halo extended over ∼10 kpc. To date, this is the
first such nebula observed at z>6.5 and one of the
faintest extended emission ever observed around a
QSO at any redshift (see Figure 14). Despite the
depth of our data, we do not detect the large scale
(10–100 kpc) Lyα emission frequently observed in
z∼2–4 bright QSOs.
2. A comparison between the Lyα emission revealed
by MUSE and the FIR properties of the host
galaxy inferred from ALMA observations allows us
to speculate on the geometry of the dust surround-
ing the QSO. In particular, a patchy geometry of
the dust cocoon can explain: (i) The displacement
between extended Lyα and resolved [C ii] emission
lines; (ii) the discrepancy between the observed
Lyα luminosity and expectation from the intense
star formation of the host galaxy; and (iii) the
mild dust extinction present along the QSO line–
of–sight. This configuration permits the ionizing
radiation from the newly formed stars to escape
the host galaxy and give rise to the observed Lyα
emission.
3. We estimate that the extended Lyα emission is too
faint to arise from recombinations on the “skin”
of optically thick clouds. A more plausible sce-
nario is that the QSO radiation is sufficiently in-
tense to maintain the surrounding gas highly ion-
ized, hence we are observing fluorescent emission
coming from optically thin clouds. Intriguingly, a
consequence of this emission mechanism is a hydro-
gen volume density of the gas illuminated by the
QSO of nH∼6 cm−3, similar to what estimated for
the giant (100 kpc) Lyα nebulae recently discov-
ered around z∼2 QSOsaffected.
4. A LAE with L(Lyα)∼2.1×1042 erg s−1 is present
at 12.5 kpc and 560 km s−1 from J0305−3150. Our
current constraints on the rest–frame equivalent
width [W0(Lyα)>7.4 A˚] and luminosity, although
not conclusive, disfavour a picture where the Lyα
emission is boosted by the QSO radiation. As-
suming that the Lyα line is powered solely by
star formation we derive a star–formation rate of
SFRLAE∼1.3 M yr−1.
5. We calculate the enhanced probability of finding
such a close LAE due to the clustering of galax-
ies around QSOs. From the extrapolation of the
z∼6.6 QSO–LAE large–scale correlation function,
we estimate this probability to be small (<10%).
This supports a picture in which dissipative inter-
action and QSO activity in the young Universe are
connected.
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